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In t roduct ion  

This paper  is  a r e p o r t  of some r e c e n t  developments i n  a n  on-going i n v e s t i g a t i o n  
of s h o r t  r e s i d e n c e  time hydrogenolysis  of l i g n i t e  and c o a l  t o  produce f u e l  gases ,  
e thane,  g a s o l i n e  b lending  s t o c k  c o n s t i t u e n t s ,  f u e l  o i l  and s p e n t  char .  The program 
has been underway f o r  t h r e e  y e a r s ,  and i n  a d d i t i o n  t o  t h e  bench-scale u n i t  descr ibed 
h e r e  w i l l  i n c l u d e  t h e  c o n s t r u c t i o n  and o p e r a t i o n  of a process  development u n i t .  I n  
r e s u l t s  ob ta ined  t o  d a t e ,  bo th  l i g n i t e  and bituminous coa l  have been s u c c e s s f u l l y  
processed i n  t h e  bench-scale  u n i t .  I n  a t y p i c a l  run,  approximately 50% of t h e  feed 
carbon is converted to  l i q u i d  and gaseous products ;  as much as 1 5 %  of t h e  feed carbon 
has  been found t o  r e p o r t  to t h e  hydrocarbon l i q u i d  products ,  and 35% t o  carbon oxides ,  
methane, e thane  and minor amounts of propane and propylene.  
duced, a l lowing  t h e  s p e n t  char  to  be  c o l l e c t e d  as a d r y ,  f ree-f lowing m a t e r i a l .  
Approximately 50% of t h e  feed carbon remaining i n  t h e  spent  char  would be  u t i l i z e d  i n  
hydrogen product ion ,  and would be s u f f i c i e n t  f o r  a "balanced p l a n t "  o p e r a t i o n .  

Heavy t a r s  a r e  not  pro- 

Hiteshue, et. (1) observed t h a t  when c o a l  is heated r a p i d l y  i n  t h e  presence 
of hydrogen a t  high p r e s s u r e ,  high y i e l d s  of gaseous and l i q u i d  products  a r e  obta ined .  
Over the  p a s t  s e v e r a l  y e a r s ,  s e v e r a l  development programs (2 ,3 ,4 ,5 ,6 )  have been 
implemented t o  explore  t h e  var ious  a s p e c t s  of rap id  o r  " f lash"  hydropyrolys is  i n  t h e  
l i g h t  of eventua l  commercial izat ion.  The work descr ibed  h e r e  is  in tended ,  i n  g e n e r a l ,  
to  complement t h e  work of o t h e r  i n v e s t i g a t o r s ,  and a l s o  e l u c i d a t e  t h e  behavior of 
r e a c t a n t s  and products  during t h e  course of t h e  p y r o l y s i s .  The e x p l o r a t i o n  of pro- 
cess ing  condi t ions  a p p r o p r i a t e  f o r  the  recovery of maximum p o s s i b l e  y i e l d s  of l i q u i d s  
s u i t a b l e  f o r  u s e  a s  motor f u e l s  i s  an important  a d d i t i o n a l  a s p e c t  of t h e  IGT program. 
Johnson ( 4 )  p o s t u l a t e d  t h a t  t h e  hydrocarbon l i q u i d s  a r e  r e l e a s e d  e a r l y  i n  t h e  pyro lys i s ,  
and a r e  hydrogenated t o  methane and e t h a n e  i n  subsequent r e a c t i o n  s t e p s .  

In t h e  work d e s c r i b e d  h e r e ,  our  d a t a  show t h a t  i n  a d d i t i o n  t o  r e l a t i v e l y  slow 
h y d r o g a s i f i c a t i o n  t o  methane and e thane ,  t h e r e  is c o n s i d e r a b l e  vapor phase dehydroxyl- 
a t i o n  of oxygenated monoaromatics (phenols  + c r e s o l s )  and d e a l k y l a t i o n  of s u b s t i t u t e d  
benzenes which r e s u l t s  i n  s i g n i f i c a n t  changes i n  t h e  d i s t r i b u t i o n  of BTX and oxygenated 
aromatics  i n  the g a s o l i n e  b o i l i n g  range  f r a c t i o n  of t h e  hydrocarbon l i q u i d  products .  
The dehydroxylat ion and d e a l k y l a t i o n  r e a c t i o n s  appear to  be  dependent upon both  
hydrogen p a r t i a l  p r e s s u r e  and temperature  i n  a manner analogous t o  t h e  vapor phase 
d e a l k y l a t i o n  of  to luene  i n  t h e  presence of  hydrogen descr ibed  by S i l s b y  and Sawyer ( 7 ) .  

Equipment 

A f low diagram showing t h e  major equipment i n  t h e  bench-scale u n i t  used i n  t h e  
I n  o p e r a t i o n ,  s o l i d s  charged t o  t h e  feed 

l 

I 
I 

1 

work descirbed h e r e  is shown i n  Figure 1. 
hopper are metered i n t o  a c a r r i e r  stream of  hydrogen; the  hydrogen and en t ra ined  s o l i d s  
a r e  then heated c o c u r r e n t l y  i n  a 1/8- in  I . D .  h e l i c a l  tube  r e a c t o r  which i s  70 f e e t  i n  
length .  
r e a c t o r  by means of 1 2  independently c o n t r o l l e d  r a d i a n t  h e a t e r s .  The e f f l u e n t  from 

A predetermined "temperature p r o f i l e "  is imposed over  t h e  length  of t h e  

72 



CONTROL 

HIGH-PRESSURE 
GAS SUPPLY 

METER 

CONTROL 
VALVE 

DIFFERENTIAL HIGH- 
PRESSURE 
DP CELL 3-12 psi 

I I  
PRESSURE 

BREAK 

~~ 

Figure 1. BENCH-SCALE UNIT 

VVENT HOLDER 

IAMPLE 
’ORT 

73 



t h e  r e a c t o r  passes  i n t o  t h e  char  t r a p  where t h e  spent  char  is d i s e n t r a i n e d  and co l lec-  
ted ;  t h e  char - f ree  g a s e s  are f u r t h e r  cooled t o  ambient temperature  t o  condense l i q u i d  
products which are c o l l e c t e d  i n  sample bombs. The cooled g a s e s  a r e  then  reduced t o  
e s s e n t i a l l y  ambient p r e s s u r e ,  and passed through a d r y e r  and methanol/dry i c e  f reeze-  
ou t  t r a i n  t o  s t r i p  benzene and o t h e r  condensable m a t e r i a l s  from t h e  make gas .  The 
s t r ipped  gases  a r e  then  metered,  sampled, and vented.  

A power p l a n t  g r i n d  (75% minus 200 mesh) of North Dakota l i g n i t e  was  used a s  
s o l i d s  feed  i n  t h e  work descr ibed  here .  Although feed  gases  can  be preheated p r i o r  to  
mixing wi th  feed  s o l i d s ,  both t h e  f e e d  hydrogen and feed  l i g n i t e  w e r e  introduced i n t o  
t h e  r e a c t o r  a t  ambient temperature .  Runs us ing  preheated hydrogen have been made, bu t  
a n a l y s i s  of d a t a  has  n o t  been completed at t h i s  w r i t i n g ;  t h e  r e s u l t s  of these  runs 
w i l l  be r e p o r t e d  at  a f u t u r e  t i m e .  

Experimental 

I n  t h e  experimental  program descr ibed  h e r e ,  t h e  o b j e c t i v e  was t o  explore  the  
e f f e c t  of  h e a t i n g  r a t e  on t h e  d i s t r i b u t i o n  of feed  carbon among products .  
of temperature  p r o f i l e  (F igure  2)  were used i n  o p e r a t i n g  t h e  equipment. I n  t h e  f i r s t  
tyRe, a l i n e a r  h e a t i n g  rate w a s  imposed on t h e  lower end of t h e  c o i l  r e a c t o r .  Due t o  
a chimney" e f f e c t ,  t h e  upper end of t h e  c o i l  w a s  hea ted  by convect ion from t h e  lower 
s e c t i o n ,  and i d l e d  a t  approximately 700°F. Using t h i s  f i r s t  type  of temperature  pro- 
f i l e ,  t h e  feed  was hea ted  t o  a maximum temperature  of  1500°F and quenched, wi th  no 
apprec iab le  r e s i d e n c e  time a t  1500'F. I n  t h e  second type  of temperature  p r o f i l e ,  t h e  
lower s e c t i o n  of t h e  r e a c t o r  w a s  opera ted  i so thermal ly  a t  1500°F, and a l i n e a r  heat ing 
r a t e  imposed on t h e  upper s e c t i o n  of t h e  c o i l e d  tube  r e a c t o r ,  so t h a t  t h e  r e a c t a n t s  
were held a t  1500°F f o r  t i m e s  which were dependent upon t h e  gas  v e l o c i t y  chosen f o r  a 
p a r t i c u l a r  run.  

Two kinds 

Experimental R e s u l t s  

The o p e r a t i n g  c o n d i t i o n s  and results of t h e  h e a t i n g  rate study are summarized i n  
Table  l w h i c h  shows t h e  d i s t r i b u t i o n  of carbon among products ,  t h e  weight percent  
gaso l ine  b o i l i n g  range l i q u i d s  obta ined  from t h e  recovered l i q u i d s ,  and t h e  weight 
percent  o f  phenols  + c r e s o l s  and naphtha lenes  p r e s e n t  i n  t h e  g a s o l i n e  b o i l i n g  range 
l i q u i d s .  Comparing Runs HR-1 and HR-3, i t  i s  apparent  t h a t  wi th  apprec iab le  res idence  
t i m e  at t h e  maximum tempera ture  (15000F), feed  carbon conversion a c t u a l l y  decreased 
wi th  increase  i n  h e a t i n g  r a t e ;  a s i m i l a r  r e s u l t  was descr ibed  by Johnson ( 4 ) .  A t  t h e  
h i g h e r  h e a t i n g  r a t e ,  t h e  l i q u i d  products  were a l s o  more h ighly  oxygenated, a s  measured 
by t h e  amounts of phenols  + c r e s o l s  p r e s e n t  i n  t h e  g a s o l i n e  b o i l i n g  range l i q u i d s .  

When a r e s i d e n c e  t i m e  a t  1500°F was al lowed,  as i n  Runs HR-4 through HR-7, the 
methane y i e l d s  improved cons iderably ,  and t h e  degree  of oxygenation of t h e  l i q u i d  
products  a s  measured by t h e  phenols  + c r e s o l s  i n  t h e  g a s o l i n e  b o i l i n g  range l i q u i d s  
decreased.  By i n s p e c t i o n ,  however, t h e r e  does n o t  appear  t o  be  any e f f e c t  t h a t  can 
be  a t t r i b u t e d  t o  h e a t i n g  rate a l o n e .  

The i n t e n s i t y  o r  s e v e r i t y  of a time-temperature h i s t o r y  can be measured by t h e  
magnitude of a s e v e r i t y  f u n c t i o n  def ined a s  - 

S e v e r i t y  Funct ion = lt k t  1) 

where k i s  a r e a c t i o n  r a t e  c o n s t a n t  and t is time. Using publ ished d a t a  f o r  t h e  hydro- 
g a s i f i c a t i o n  of an thracene  ( 8 ) ,  t h e  rate c o n s t a n t  can  be  c a l c u l a t e d  from - 
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where ko i s  9.0 X l o 5  and E is 30,700 Kcals per  gram mole. 
time-temperature h i s t o r i e s  used h e r e ,  t h e  v a l u e  of t h e  s e v e r i t y  f u n c t i o n  was obtained 
by d i v i d i n g  t h e  l e n g t h  o f  t h e  c o i l  i n t o  increments  and c a l c u l a t i n g  an incremental  
s e v e r i t y  a t  t h e  average  temperature  of t h e  s e c t i o n .  The value of t h e  s e v e r i t y  
func t ion  was  then  o b t a i n e d  from - 

For t h e  non-isothermal 

n 

i n  S e v e r i t y  Funct ion = Z k A t  3 )  

This  s e v e r i t y  f u n c t i o n ,  based on an thracene  h y d r o g a s i f i c a t i o n  k i n e t i c s  is thus  a n  
a r b i t r a r y  measure t h a t  can  be used t o  c h a r a c t e r i z e  t h e  thermal  t rea tment  under a 
g iven  s e t  of o p e r a t i n g  c o n d i t i o n s .  The d a t a  from t h e  h e a t i n g  r a t e  runs  are p l o t t e d  
a g a i n s t  s e v e r i t y  f u n c t i o n  i n  F igure  3. From t h e  f i g u r e ,  methane + e thane  y i e l d  can 
b e  seen  t o  i n c r e a s e  wi th  i n c r e a s e  i n  s e v e r i t y  f u n c t i o n ;  whi le  t o t a l  carbon conversion 
passes  through a maximum, suggest ing t h a t  i n  a prolonged t rea tment ,  p roducts  a r e  l o s t  
through thermal  degrada t ion .  
- e t  a l .  ( 6 ) .  

A s i m i l a r  r e s u l t  has  been descr ibed  by Ste inberg ,  
The t o t a l  l i q u i d s  y i e l d  a l s o  appears  t o  decrease  a t  h igh  s e v e r i t y .  

Table  1. OPERATING CONDITIONS AND SUMMARY OF RESULTS 
OBTAINED I N  HEATING RATE STUDIES WITH NORTH DAKOTA LIGNITE 

Run No. HR-2 HR-1 HR-3 HR-4 HR-5 HR-7 HR-6 
C o i l  O u t l e t  P r e s s u r e  
C o i l  O u t l e t  Temperature 
S e v e r i t y  Funct ion 
Heating Rate, OF/s 
H2/MAF Feed Weight R a t i o  
Carbon D i s t r i b u t i o n ,  % 

Liquids  
Carbon Oxides 
Methane 
Ethane + Light  Gas 
Char 

Gasol ine Boi l ing  Range Liquid,  

Phenols + Cresols  i n  C5-4000F 

Naphthalene i n  C -400°F 

w t  % t o t a l  l i q u i d s  

Liquid 

Liquid 5 

2000 2000 2000 
1500 1500 1500 

0.383 0.315 9.148 
125 152 348 

0.44 0.26 0.48 

12.25 11.03 11 .71  

12.40 10.90 10.59 
7.37 11.36 6.26 

52.20 51.23 58.87 

9.47 9.05 8.18 

51.8 55.2 49.5 

22.7 18.0 31.2 

12.6 15.2 10.8 
w 

No Residence 
Time a t  1500°F 

2000 2000 2000 2000 
1500 1500 1500 1500 

0.767 1.346 1.434 1.954 
412 155 1275 780 

0.43 0.30 0.55 0.45 

13.19 12.44 8.59 7.30 
11.27 9.72 10.35 8.47 
16.34 17.35 19.47 19.69 

8.43 8.33 8.63 8.61 
52.51 52.52 54.55 52.69 

54.1 54.5 67.5 5'8.5 

7 . 1  1 .6  0.2 Tr 

V a s  i a b  1 e 
Residence 

T i m e  a t  1500°F 

Discussion 

Using k i n e t i c s  publ i shed  by S i l s b y  and Sawyer ( 7 ) ,  t h e  change i n  t h e  h a l f - l i f e  of 
t o l u e n e  wi th  temperature  and p r e s s u r e  w a s  eva lua ted ,  and t h e  r e s u l t s  of t h e s e  calcu-  
l a t i o n s  a r e  summarized in Figure  4. From t h e  f i g u r e  it can be  seen  t h a t  t h e  dealky- 
l a t i o n  of t o l u e n e  is a c c e l e r a t e d  by both a n  i n c r e a s e  i-a temperature  and hydrogen 
P a r t i a l  p r e s s u r e .  The observed changes i n  t h e  composition of t h e  g a s o l i n e  b o i l i n g  
range  l i q u i d s  obta ined  from North Dakota l i g n i t e  a l s o  appear  t o  fo l low a n  analogous 
r u l e  i n  which t h e  dehydroxyla t ion  is a c c e l e r a t e d  by i n c r e a s e  i n  hydrogen p a r t i a l  pres- 
s u r e  (Figure 5 ) .  I n  a p r i o r  p o r t i o n  of t h e  i n v e s t i g a t i o n ,  runs  were made i n  t h e  
bench-scale u n i t  a t  system p r e s s u r e s  of  500, 1000, 1500, and 2000 p s i g ,  holding other  
parameters e s s e n t i a l l y  c o n s t a n t .  The f r a c t i o n  of phenols  + c r e s o l s  i n  t h e  gaso l ine  
b o i l i n g  range  l i q u i d s  was observed t o  decrease  wi th  i n c r e a s e  i n  opera t ing  ( e s s e n t i a l l y  
hydrogen) p r e s s u r e  whi le  t h e  f r a c t i o n  of BTX + ethylbenzene was observed t o  increase .  
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I n  the  hea t ing  r a t e  r u n s ,  t h e  phenols + c r e s o l s  f r a c t i o n  of t h e  g a s o l i n e  b o i l i n g  
range l i q u i d s  was found t o  decrease  wi th  i n c r e a s e  i n  s e v e r i t y  f u n c t i o n ,  a s  shown i n  
F igure  6 wi th  an a t t e n d a n t  i n c r e a s e  i n  BTX. The d i s t r i b u t i o n  of  benzene, to luene ,  
and xylene w a s  observed t o  change a s  shown i n  F igure  7 which shows maxima f o r  both 
to luene  and xylene e a r l y  i n  t h e  p y r o l y s i s  wi th  subsequent  d e a l k y l a t i o n  t o  benzene. 
F i n a l l y ,  l i q u i d s ,  as they a r e  devolved from t h e  l i g n i t e  a t  1200° t o  1300°F, are h ighly  
oxygenated, as shown i n  Table  2 which summarizes d a t a  from some runs  wi th  North Dakota 
1 i g n i t e .  

Table 2 .  OPERATING CONDITIONS AND SUMMARY OF RESULTS 
OBTAINED AT 1200° AND 1300°F W I T H  NORTH DAKOTA LIGNITE 

Run Number 

Coi l  O u t l e t  P r e s s u r e ,  p s i g  
C o i l  O u t l e t  Temperature, OF 
Sever i ty  Funct ion 
H2/MAF Feed Weight Rat io  

Carbon D i s t r i b u t i o n ,  % 
Liquids 
Carbon Oxides 
Me thane 
Ethane + Light  Gas 
Char 

Analysis  of Gasol ine Boi l ing  Range Liquids  
BTX + Ethylbenzene 
Cg Aromatics 
Indenes f Indans 
Phenols + Cresols  
Naphthalenes 
Not I d e n t i f i e d  

Total  

PS-3 

1500 
1300 

0.334 
0.31 

14.61 
9.46 
9.62 
6.23 

64.51 

22.9 
5.4 
5.1 

52.3 
5.4 
8.9 

100.0 

PS-5 

1500 
1200 

0.217 
0.53 

11.58 
9.23 
5.88 
5.07 

68.33 

8 . 3  
4.0 
4.0 

76.1 
3.3 
4.3 

100.0 

Conclusions 

From t h e  foregoing i t  appears  t h a t  t h e  hydrocarbon l i q u i d s  obta ined  from North 
Dakota l i g n i t e  a r e  h ighly  oxygenated a s  they are devolved from t h e  l i g n i t e ,  and are 
converted t o  BTX i n  t h e  vapor phase by r e a c t i o n  wi th  hydrogen. The conversion of oxy- 
genated compounds t o  BTX e x h i b i t s  a pressure  and temperature  dependency very  similar 
t o  t h e  d e a l k y l a t i o n  of to luene  i n  t h e  presence of hydrogen descr ibed  by S i l s b y  and 
Sawyer ( 7 ) .  The d i s t r i b u t i o n  of feed  carbon among products  and t h e  composi t ion of  the  
g a s o l i n e  b o i l i n g  range l i q u i d s  i s  a func t ion  of s e v e r i t y  of thermal  t rea tment ,  and 
appears  t o  be  independent of hea t ing  rate when h e a t i n g  r a t e s  of 150°F/s o r  h igher  are 
used. 

The p r e s s u r e  dependency of t h e  dehydroxylat ion r e a c t i o n s  would a f f e c t  r e a c t o r  
opera t ions ,  p a r t i c u l a r l y  a t  low hydrogen-to-coal feed  r a t i o s  where t h e  hydrogen p a r t i a l  
p r e s s u r e  would be s u b s t a n t i a l l y  reduced with t h e  r e l e a s e  of  methane, steam, and o t h e r  
r e a c t i o n  products .  A t  t h i s  w r i t i n g ,  t h e  experimental  work i s  be ing  extended t o  t h e  
s tudy  of t h e  e f f e c t s  of us ing  preheated hydrogen. Analys is  of d a t a  has  not  been com- 
p l e t e d ,  however, and t h e  r e s u l t s  of t h e s e  r u n s  w i l l  be r e p o r t e d  a t  a f u t u r e  time. 
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